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ABSTRACT 
 
 
 
Laser assisted milling technique turns to be complicated and unpredictable when 
the machining size is scaled to micro level. Furthermore, less has been reported 
on the application of ball end mill in laser assisted micro milling. This study was 
carried out to evaluate and clarify the machining characteristics of micro ball end 
mill in laser assisted micro milling of titanium alloy Ti6Al4V. Finite element 
method (FEM) simulation of preheating was used to determine the machining 
parameters and the cutting tool to laser beam distance. The performance of laser 
assisted micro milling using micro ball end mill was evaluated via experimental 
works using various feed, feed rate, depth of cut  and cutting speed. The cutting 
force, tool wear, chip pattern, burr and machining surface conditions were 
compared between conventional micro milling and laser assisted micro milling. 
Machining simulation was also carried out to study and collect the supportive 
evidence to explain the chips formation mechanisms. 
The laser heating simulation model was built and validated to determine 
the cutting tool to laser beam distance. When the feed rates ranging from 52.5 to 
210 mm/min, the workpiece temperature at machining region was increased from 
128 °C to 178 °C when the cutting tool is located at 0.6 mm from the laser. At this 
condition, the creation of heat affected zone and melted zone were successfully 
avoided. This study has proven that laser assisted micro milling reduces the cutting 
force approximately 5 to 20 %, depending on the feed and depth of cut applied. 
However, it is also found out that the chip pattern has a strong correlation with 
tool wear rate and surface roughness. It was observed that loose arc chips were 
produced at the feed and depth of cut of 3.0 x 10 -3 mm/flute and 0.02 mm, 
respectively. This type of chip is preferable due to less chip blocking, rubbing and 
chip compression effect. It is also proven that laser assisted micro milling 
technique is more effective when the workpiece temperature is increased to 
approximately 250 °C compared to 180 °C.  
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ABSTRAK 
 
 
 
Teknik pemesinan kisar terbantu laser menjadi semaikin rumit dan prestasinya sukar 
diramal apabila melibatkan pemesinan bersaiz mikro. Pemesinan bersaiz mikro, 
terutamanya melibatkan alat pemotong kisar berhujung bulat kurang mendapat 
perhatian. Oleh itu,  kajian telah dilakukan untuk menilai kemampuan pemesinan 
terbantu laser dalam meningkatkan prestasi pemesinan terhadap aloi titanium Ti6Al4V. 
Simulasi menggunakan keadah unsur terhingga telah digunakan untuk mengenal pasti 
julat parameter pemesinan dan jarak mata alat dari pusat pancaran laser. Prestasi 
pemesinan terbantu laser telah dinilai secara experimen menggunakan pelbagai nilai 
suapan, kadar suapan, kedalaman pemotongan dan kelajuan pemotongan. Nilai bacaan 
daya pemotongan, haus mata alat, burr dan keadaan permukaan potongan telah di 
bandingkan antara dua teknik berbeza; pemesinan konvensional kisar mikor dan 
pemesinan berbantu laser mikro. Simulasi pemesinan juga telah dijalankan untuk 
mendapatkan bukti sokongan terhadap mekanisma pembentukan tatal. 
Hasil kajian menunjukkan bahawa kawasan pemotongan dapat dipanaskan ke 
suhu di antara 128 hingga 178 °C bila mata alat diletakkan pada jarak 0.6 mm dari 
pusat laser dengan kelajuan suapan di antara 52.5 hingga 210 mm/min, tanpa 
meninggalkan leburan mahupun kesan haba. Pemesinan terbantu laser terbukti mampu 
menurunkan daya pemotongan sebanyak 5 hingga 20 %, bergantung kepada nilai 
suapan dan kedalaman pemotongan. Kajian juga menunjukkan bahawa bentuk tatal 
yang terhasil mempunyai hubungan rapat dengan haus mata alat dan kekasaran 
permukaan. Nilai suapan 3.0 x 10-3 mm/flut dan kedalaman pemotongan 0.02 mm 
telah menghasilkan tatal jenis lerai. Tatal jenis ini lebih disukai kerana kurang 
kesan akibat daripada mekanisma halangan tatal, geseran dan pemampatan tatal. 
Kajian juga menunjukkan bahawa pemesinan kisar terbantu laser lebih berkesan pada 
suhu 250 °C bebanding 180 °C.  
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CHAPTER 1 
 
 
 
1 INTRODUCTION 
 
 
 
1.1 Background of Study 
 
The demand of micro scale parts made from difficult-to-machined materials 
increases due to the continuous development in various industries including 
automotive, electronics, medical and aerospace. For the above reasons, micro 
machining techniques are crucially needed in micro scale and intricate parts 
fabrication such as micro-sensors, micro-actuators, micro-components and micro-
instruments. The techniques can be divided into two major categories, traditional 
and non-traditional. The technique need to be selected based on the parts design 
and material used since every technique has limitations in processing capabilities. 
Removal process using non-traditional machining technique such as EDM and 
laser beam could cause thermal damages (Gross et al., 1991; Shanjin & Yang, 2006; 
Tian et al., 2005). On the other hands, removal process via traditional machining such 
grinding and milling always associated with tool damages (Koc & Ozel, 2011; 
Vazquez et al., 2015). To overcome the problem of tool wear, hybrid machining 
techniques such as thermal assisted milling are suggested. The workpiece is heated 
during the removal process using various heating technique such as flame, electric 
induction heater and laser beam radiation. 
Among various heating techniques, laser beam radiation is one of the most 
reliable technique due to the high energy intensity and flexible energy delivery system. 
The laser energy can be conveyed to the workpiece from a distance by using 
appropriate focusing lenses and optics systems. However, proper laser irradiation 
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parameters need to be defined prior to the actual removal process since the laser energy 
absorption rate highly depends on the workpiece mechanical and thermal properties. 
Combination between laser and milling system is called as laser assisted 
milling. The machining process performance can be optimised by determining the 
proper parameters which can be categorise into two; laser heating and micro milling 
parameters. Aligning the laser heating parameters and micro milling parameters is the 
hardest challenge to be addressed. Material responses to heat induction such as 
microstructure changes, hardening effect and oxidation need to be minimised in order 
to preserve the workpiece mechanical properties. Nevertheless, previous studies has 
reported that laser heating technique managed to improve the machining performance 
in term of cutting force and tool wear rate reduction (Bermingham et al., 2015; Lee 
et al., 2016; Yang & Lei, 2008; Zamani et al., 2013; Zeah et al., 2010). Most of 
the studies were focused on flat end mill performance evaluation.  
The machining performance of laser assisted milling technique is obtained by 
reducing the workpiece flow stress via heating process, allowing the removal process 
to be done in ductile mode (Woo & Lee, 2018; Yang & Lei, 2008). However, 
performing removal process in elevated temperature tends to promote adhesion on the 
cutting tool edges (Molinari et al., 2002; Okamura et al., 2006; Pramanik, 2014; Xu et 
al., 2003). This phenomenon is suggested to give enormous effect to the machining 
performance in term of tool life and machining surface quality. Study need to be done 
to evaluate the laser assisted milling performance in machining of ductile material. In 
micro level, the tool size effect, thermal conductivity and thermal sensitivity are some 
of the additional factors could give adverse effect to the machining performance 
(Aramcharoen & Mativenga, 2009; Brecher et al., 2010; Ding & Shin, 2010; 
Zaman et al., 2006). 
Thus, this study was suggested to evaluate the performance of laser assisted 
micro milling on ductile titanium alloy Ti6Al4V. Ti6Al4V is selected due to it wide 
application in various parts fabrication including medical, marine, automotive, 
aerospace and consumer application (Froes, 2015). The study started with laser heating 
characterization, followed by machinability evaluation and investigation on the 
material removal mechanism and their influence to the machining performance. It is 
crucially important to find the suitable laser heating parameter since Ti6Al4V possess 
a comparably low thermal conductivity (Veiga et al., 2013) which could lead to 
concentrated temperature increment at a restricted area (Trent, 1984). The tool to laser 
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beam distance need to be cautiously determined to avoid tool damage due to excessive 
workpiece temperature increment (Kumar et al., 2012). In the case of micro ball end 
mill tool, study need to be done on the chip formation characteristics since the chips 
are formed by multiple direction of strain vectors due to its geometrical factors. 
Comparison between conventional micro milling and laser assisted micro milling was 
done to evaluate and characterise the effectiveness of laser assisted micro milling in 
Ti6Al4V micro milling process. 
This study was suggested to evaluate the performance of laser assisted 
micro milling technique in titanium alloy Ti6Al4V machining using ball end mill. 
The study covers the overall process started from the tool and laser configuration, 
parameters determinations and machining characteristics comparison between 
conventional micro milling and laser assisted micro milling. Widely applied in 
surface texturing process, micro ball end mill was selected as the tool to be 
evaluated. 
 Simulation and experiment study were done with conditions that no melted 
zone and heat affected zone initiated by the laser heating process. It is crucially 
important to determine the processing parameters which practically can be used in 
laser assisted micro milling without initiating permanent microstructure changes 
but manage to give significant softening effect on the machined material. Thus, 
laser heating simulation model is needed for temperature distribution prediction, 
tool-to-laser beam distance and machining parameters determination.  
Experimental and simulation study need to be done to evaluate and prove 
that the parameters determined are effective to improve the machining 
performance.  The factors contribute to machining performance need to be 
analyzed for further improvement in laser assisted micro milling technique. The 
data and analysis written in this study provide clues and suggestion for 
improvement in laser assisted micro-milling of titanium alloy Ti6Al4V which 
applies micro ball end mill as the cutting tool.  
 
1.2 Problems statement 
 
This study was aimed to address several major issues associated with laser assisted 
micro-milling techniques. The machining characteristic of laser assisted micro 
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